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Booming Development of Group IV-VI Semiconductors:

Fresh Blood of 2D Family

Xing Zhou, Qi Zhang, Lin Gan, Huigiao Li, Jie Xiong, and Tianyou Zhai*

As an important component of 2D layered materials (2DLMs), the 2D group
IV metal chalcogenides (GIVMCs) have drawn much attention recently due to
their earth-abundant, low-cost, and environmentally friendly characteristics,
thus catering well to the sustainable electronics and optoelectronics applica-
tions. In this instructive review, the booming research advancements of 2D
GIVMCs in the last few years have been presented. First, the unique crystal
and electronic structures are introduced, suggesting novel physical proper-
ties. Then the various methods adopted for synthesis of 2D GIVMCs are
summarized such as mechanical exfoliation, solvothermal method, and vapor
deposition. Furthermore, the review focuses on the applications in field effect
transistors and photodetectors based on 2D GIVMCs, and extends to flexible
devices. Additionally, the 2D GIVMCs based ternary alloys and heterostruc-
tures have also been presented, as well as the applications in electronics and
optoelectronics. Finally, the conclusion and outlook have also been presented

high frequency photosensors!'’! due to the
linear dispersion of the Dirac electrons.!!8l
However, the absence of a bandgap has
impeded the applications of graphene in
nanoelectroncis. To overcome the disad-
vantages caused by the gapless band in gra-
phene, intensive efforts have been strived,
such as chemical doping, topography
control, etc.’21 Unfortunately, only very
limited success has been achieved.[2-22-24]
Consequently, uncovering other layered
materials with bandgap is urgent. 2D lay-
ered metal chalcogenides (2DLMCs) is a
class of graphene-like structures with tight
bonding along intralayer and weak van der
Waals interactions between neighboring
layers, making it possible for these mate-

in the end of the review.

1. Introduction

2D layered materials (2DLMs) have ignited intensive attention
since the discovery of graphene.lll These 2DLMs possess dif-
ferent properties such as electronic structures, large specific
surface area, and the quantum confinement of electrons due
to the ultrathin thickness compared with their bulk counter-
parts, thus paving a new way for the next generation electronic,
optical, optoelectronic, and flexible systems.>”'5! Taking gra-
phene, for example, the single layer of graphite has promising
applications in broadband optical modulators!'® and ultrafast
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rials to be exfoliated into single or few
layers from bulk counterparts by mechan-
ical or chemical methods. Unlike gapless
graphene, these 2DLMCs have bandgaps
in comparison to commercially silicon semiconductors, and the
bandgaps can be further adjusted in a large range with thick-
ness change. For example, it has been reported that MoS; has
emerged with a direct bandgap of 1.8 eV when reduced the
thickness to monolayer.?’! Because of this merit, Few layered
2DLMCs such as transition metal dichalcogenides (TMDs)
(M0S,,20-281 WS, 1297361 TiS3,37] etc.) and group III-VI nano-
materials (InSe,38421 GaSe,***] etc.) have been extensively
investigated in many fields including photodetectors,**=8 gas
sensors,%¢0 field effect transistors (FETg),1#61-%%] and flexible
devices.[06-68]

Among the 2DLMCs, group IV metal chalcogenides
(GIVMCs, metal = Ge, Sn; chalcogen = S, Se, Te) provide an
opportunity for sustainable electronic and photonic systems
recently due to the low-cost, earth-abundant, and environ-
mentally friendly features!®) In 2013, ultrathin GIVMCs have
been mechanically exfoliated for high performance FETs such
as SnS,,’*72 SnSe,,”? SnS, Se, .’ In view of the difficulty
in large-scale synthesis via mechanical exfoliation, Peng and
co-workers”! in 2015 demonstrated for the first time the con-
trolled synthesis of thin SnS, nanosheets arrays by predefined
metal seeds with the average thickness of 20 nm, thereby pro-
viding a new approach to the large-scale production. Recently,
Zhai and co-workers’® first time achieved large area of
ultrathin SnSe, nanosheets (=1.5 nm, corresponding to two
layers) by employing a newly Sn precursor (Snl,), which further
flourish the family of 2DLMCs. More importantly, 2D GIVMCs
have demonstrated many interesting physical properties!!>”’]
and possible applications in electronics and photonics. Notably,
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tin sulfide (SnS) has been reported to be a native p-type semi-
conductor due to the small enthalpy of formatting Sn vacan-
cies, generating shallow acceptors.’®! It has a high absorption
coefficient (o > 10* cm™) across the direct absorption edge at
1.3-1.5 eV, rendering it a promising candidate for solar cells
and photodetectors.”” Besides, SnSe, has shown the advantage
over the memory devices due to the significant changes of the
optical reflectivity while heated by the laser and transformation
from the amorphous to the crystalline state.®%#2 Theoretical
calculations predict that SnSe, can transit from an indirect to
direct bandgap semiconductor as the thickness decreased to
single layer similar with MoS,, indicating the potential appli-
cations in optical and optoelectronic devices.®3l In addition,
GIVMCs have demonstrated excellent performance in FETs
and photodetectors. For example, SnS, has illustrated a rela-
tively high carrier mobility up to 230 cm? (V! s7!) and on-off
current ratios over 10%,72l comparable or even surpassing many
other 2DLMs. .48l Ultrathin SnSe, nanosheets have shown
high responsivity of above 10° A W~! with a fast response time
of =8 ms.°!

In this review, we will present a comprehensive review for
the research achievements in this field. The review mainly
incorporates the intriguing physical properties (crystal struc-
tures, electronic structures), followed by the various methods
for synthesis including mechanical exfoliation, solvothermal,
and vapor deposition methods. Afterward, recent device devel-
opments of 2D devices in electronics and photonics such as
FETs, photodetectors, and heterostructures based devices have
been presented. Finally, the review is summarized with pros-
pects for the future research in this area.

2. Crystal Structures

As an important group of layered materials, GIVMCs have
strong covalent bonding existing in plane along the 2D direc-
tion while the weak van der Waals force dominating out of plane
similar with other 2DLMs.24 In general, GIVMCs have been
classified into two groups according to their chemical com-
positions: MX (SiC,® SiS,P% GeS,192 GeSe,[**~%] SnS§,197-%]
SnSe, 100108 nTe 109110) and MX, (GeS,11 GeSe, 1127115
SnS, 72116-118] SnSe 73119125 In  this part, some typical
GIVMC s are presented in Table 1. The physical properties of
GIVMC s are closely relative with their crystal structures, which
paves a way for pursuing the basically issues in the application
of electronics and optoelectroncis. Interestingly, GIVMCs have
their unique characteristics existing in versatile crystal phases
such as hexagonal and orthorhombic due to the different oxide
states of the metals and chalcogen elements. For example, Sn-
chalcogenides could crystallize in orthorhombic space units to
form a native p-type SnS due to the small enthalpy of format-
ting Sn vacancies, generating shallow acceptors,’® in which
Sn atoms with oxidation state of +2 are connected with three S
ions to form the puckered Sn-S layers coupled by the weak van
der Waals interaction with the space group of Pnma as shown
in Figure 1a.[0978799798126-130] Fach single layer has a thick-
ness of =0.56 nm. However, Sn-chalcogenides can also crys-
tallize into 2D hexagonal unit cells with the Sn oxidation state
of +4, to form a native n-type semiconductor, in which each
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Table 1. Summary of typical 2D GIVMCs and their properties. (Ind.: indirect; dir.: direct.).

GIVMCs Crystal structures Lattice parameters Distance Electronic properties Bulk bandgaps References
A [nm] [ev]

GeS Orthorhombic a=43 0.56 p-type ind./dir. 1.55-1.65 [91,92]
b=10.47
c=3.64

GeS, Orthorhombic a=11.74 - p-type dir. 2.8-3.4 [111,260]
b=22.47
c=6.88

GeSe Orthorhombic a=10.84 - p-type ind./dir. 1.1-1.2 [93,94]
b=3.83
c=4.39

GeSe, Monoclinic a=7.01 - p-type 2.8 [113]
b=16.79
c=11.83

SnS Orthorhombic a=4.33 0.56 p-type ind. 1.07 [79]
b=11.19 dir. 1.3
c=398

snsS, Hexagonal a=b=1047 0.62 n-type ind. 2.2 [72]
c=5.89

SnSe Orthorhombic a=11.49 0.57 p-type ind. 0.9 [105]
b=4.15 dir. 1.3
c=4.44

SnSe, Hexagonal a=b=3.81 0.62 n-type 1.0 [120]
c=6.14
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Figure 1. a—c) Crystal structures of layered orthorhombic, hexagonal, monoclinic phases of 2D GIVMCs. d) Raman spectra of bulk SnS, at two
excitation wavelengths (532, 633 nm). Gray and black vertical lines mark the main Raman lines of 2H-SnS, and 4H-SnS,. e) Low-energy electron
diffraction pattern with overlaid irreducible wedge of the surface Brillouin zone. f) Angle resolved photoelectron spectroscopy of the projected band
structure of bulk SnS,. False color scale: Dark blue, lowest intensity; white, highest intensity. Black lines are results of DFT band structure calculations
for 4H-SnS, using the HSE hybrid functional. g) Comparison of the calculated band structure of bulk (4H) and monolayer SnS,. (d—g) Reproduced
with permission.’s 2014, American Chemical Society.

Adv. Sci. 2016, 3, 1600177 © 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (3 of 20) 1600177



1600177 (4 of 20)

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

single layer (=0.59 nm) consists of one monolayer of Sn atoms
sandwiched with between two layers of S atoms with the space
group of P-3m1 as illustrated in Figure 1b. In addition, all Ge-
chalcogenides (S, Se) are p-type semiconductors, and the crystal
structures of them belong to orthorhombic phase except GeSe,
revealing a monoclinic phase as shown in Figure 1c.['!3]

Raman spectroscopy is a useful instrument to verify the
crystal phase and make a distinction between bulk and few or
mono layered counterparts of 2DLMs."172131 Generally, metal
chalcogenides could crystallize to the following phases such as
2H, 4H, and 1T structures. 2H and 4H phases are semicon-
ducting while 1T phase is metallic. 2H phase has been inves-
tigated extensively for electronics and optoelectronics. These
MX, can exhibit different polytypes in the same structure of
X-M-X layers but different interlayer stacking. Taking SnS,,
for example, 2H-SnS, belongs to space group D3, (P-3m1) and
has three in the unit cell which extends over one sandwich
layer, while 4H-SnS, belongs to space group ¢ (P63mc) and
includes six atoms in the unit cell, which extends over to two
sandwich layers.'32l For 4H-SnS, polytype, the most intense
Raman peak emerging at 313.5 cm™ can be ascribed to a mix-
ture of A; and E optical modes, while the E-mode results in a
doublet at 200 and 214 cm™! as shown in Figure 1d.’? How-
evet, in 2H-SnS, polytype, the stronger peak at 315 cm™' comes
from A;, mode, while the E, mode gives rise to a single peak at
205 cm~L.1181 [n addition, the relation between intensities of the
Raman peaks and the thickness of the layered SnS, crystals has
also been investigated. In general, the E, Peak would become
weak even undetectable due to the reduction of the scattering
centers for in-plane scattering, as the thickness decreases down
to nanoscale.l'’®13% What is more, Sutter and co-workers!’?
have also explored the Raman scattering from the most intense
(A1 + E) optical phonon mode in few-layered 4H-SnS, polytype
with the zone-center optical phonon mode of Si at =520 cm™
serving as a reference. Consequently, as the thickness of the 2D
SnS, crystal decreased down to monolayer or bilayer which is
below that of the single unit cell of the 4H-polytype, the (A; + E)
mode transits into A;, mode which reveals a low intensity. The
relationship between intensity ratio of I(SnS,)/I(Si) and the
thickness of the layered crystals has also been plotted. Over
the range from monolayer to 20 layers, the I(SnS,)/I(Si) ratio
increases closely linearly with the number of layers.

Electronic structures are elementary for exploring the elec-
tronic and optical processes in versatile electrical and optical
devices. The electronic band diagram of graphene shows
a linear energy dispersion at the K point, thus resulting in a
gapless band structure.'?0133-139 Congequently, the gapless
band structure of graphene results in the low controllability
of electronics and inferior photoresponsivity,>>2713 which
impedes the applications in electronics and optoelectronics.
The electronic structures of typical GIVMCs are summarized
in Table 1. The bandgaps of the GIVMCs varies in a wide
range from =1 eV =3.4 eV, and are calculated to have indirect
and direct bandgaps in the bulk counterparts. Taking SnS,,
for example, Sutter and co-workers’?l have employed micro-
angle-resolved photoelectron spectroscopy (micro-ARPES)
band mapping to study the electronic structure on micrometer
sized exfoliated 4H-SnS, crystal. As shown in Figure le, the
low-energy electron diffraction (LEED) pattern obtained at a

wileyonlinelibrary.com

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

'a\
M“h\)iiﬂﬁ

www.MaterialsViews.com

E =28 eV from the exfoliated samples reveal sharp spots with
hexagonal symmetry as expected, and also exhibits two sets
of first-order diffraction spots with interactive low and high
intensity, which verifies the interlayer stacking of the 4H-SnS,
polytype. They also obtained high-quality micro-ARPES band
structure maps with an energy resolution better than 300 meV
at room temperature, employing energy-filtered photoelectron
angular distributions mapped in reciprocal space as demon-
strated in Figure 1f. Furthermore, the electronic band struc-
ture of bulk and monolayer SnS, crystals employing ab initio
density-functional theory (DFT). The calculations show that
as transiting from bulk to monolayer SnS, the energy of the
valence band maximum (along (I'-M)) remains approximately
the same. The conduction band minimum at M for the mono-
layer structure undergoes a downward shift of 245 meV com-
pared to the bulk (Figure 1g). This transition is different from
MoS, of which the transition to a direct bandgap resulting from
a significant shift of the valence band edge at I".’Z However, it
is worth noting that the bandgap is only weakly affected and
remains indirect in the transition from bulk to monolayer SnS,.

3. Preparation Methods and Characterizations

Up to date, reliable production of ultrathin 2D GIVMCs is
primarily for further research and applications. Generally,
the preparation methods can be classified into top-down and
bottom-up methods, such as mechanical exfoliation,”%9%11]
solvothermal method, 712140141 yapor deposition,%%76:118142]
atomic layer deposition,['2143] and so on. In the following con-
text, we will focus on four methods.

3.1. Mechanical Exfoliation

Mechanical exfoliation method has been widely employed
for obtaining few-layer or monolayer nanoflakes from their
bulk counterparts since its initial utilization in fabricating
single layer graphite by Novoselov et al.!l Generally, mechan-
ical exfoliated flakes possess higher quality and clean surface
states on a variety of substrates, appropriate for fundamental
physics studies and advanced devices.'%?”l Up to now, most
studied ultrathin 2D GIVMCs have been fabricated by mechan-
ical cleavage from the high-quality single crystals that were
obtained via the chemical vapor transport (CVT) method as
illustrated in Figure 2a. The raw materials were first sealed in
a long quartz tube under very severe vacuum condition such
as 107 Torr. Then the quartz tube is placed in a two-zone fur-
nace with the reaction zone a higher temperature while the
collection zone at a lower temperature for several days or even
several months.’2!20l The shining bulk single crystals have
been obtained after the reaction in Figure 2b. For obtaining
few-layer or monolayer materials, bulk single crystals would
be pressed against an adhesive scotch tape and consequent
tautological cleavage gives rise to the flakes pasted on to the
tape, which can be transferred onto a variety of substrates as
shown in Figure 2c. Few-layer or monolayer could usually be
found among these thicker flakes, with the thickness confirmed
by atomic force microscopy (AFM) profile measurements

Adv. Sci. 2016, 3, 1600177
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Figure 2. a) The schematic illustration of the growth of SnSe, single
crystals using the vapor transport deposition (VTD) technique. b) The
optical image of SnSe, single crystals with the size of several millimeters.
c) Optical image of SnSe, flake placed on the surface of a silicon wafer
capped by 285 nm thick silicon dioxide. d) The thickness of mono-
layer SnSe;,. €) Normalized Raman spectra of SnSe, from monolayer to
bulk. The intensity of Si peak is set as constant. (a—e) Reproduced with
permission.['20]

(Figure 2d) and the crystal phase identified by the Raman spec-
troscopy (Figure 2e).[7273,92:120,121]

Although mechanical cleavage method is fairly easy to obtain
high quality nanoflakes, the extremely low yield and the low con-
trollability of the layer number and large-area uniformity have
harshly restricted it from practical applications in electronics
and optoelectronics. On the contrary, bottom-up methods have
been widely researched for large scale throughout, which we
will present in the following sections.

3.2. Solvothermal Method

The solvothermal methods allow one to get a relatively large
quantity of products, which can solve the problems of low
yield of the products via mechanical cleavage methods. Most
employed solvothermal methods for synthesizing GIVMCs can
summarized by the following procedure: Sn-halogenides (Cl
used mostly) + varied chalcogenide precursors, as shown in
Figure 3a.[97/117.119,140.141.144147] {Jgyially the selection of chalco-
genides and the combination of ligands can play crucial roles
in determining the morphology, sizes, yield and crystal phases
of the as-synthesis products. Consequently, the as-synthesized
products are employed to fabricate metal-semiconductor-metal
(MSM) device to study the optoelectronic properties and dem-
onstrate the potential use in optoelectronics and photovoltaics.

Adv. Sci. 2016, 3, 1600177
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Interestingly, Guo and co-workers''”] have performed the sub-
sequent structural phase transition process in argon from SnS,
to SnS structures. As demonstrated in Figure 3b, the forma-
tion of this phase transition may depend on the S depletion
in the annealed process. First, SnS, dissociation occurs in the
high S availability regime. Then, dissociation process is pro-
moted by the S depletion and high temperatures. This route is
on the basis of the inconsistent sublimation of SnS,, leading
to a direct transition from SnS, to SnS.[''7148] What is more,
this route paves a new way to alter the properties of a product
without any additional elements through structural phase tran-
sition, which may enlighten the applications in electronics and
optoelectroncis.

In spite of the advantages over the relatively high quantity
of as-synthesized materials via solvothermal methods, the
resulting products are usually contaminated with excessive
impurity doping or adhered by the ligands used in the pro-
cesses, which would impact the performance of electronics
and optoelectronics. In contrast, vapor deposition methods,
both chemical vapor deposition (CVD) as with physical vapor
deposition (PVD), have been probed extensively for large-area
uniform, high quality, and morphology controllable products
recently.

3.3. Vapor Phase Deposition

The vapor phase deposition process is widely employed for
atomic-scale control of 2D materials, particularly semiconduc-
tors. The growth procedure via vapor deposition involves either
single solid precursor of destination product, or codeposition of
sulfur or selenium and solid precursor onto various substrates
such as SiO,/Si, and mica.

3.3.1. Physical Vapor Deposition

There have been some attempts to synthesize 2D GIVMCs
materials via simple evaporization of bought powders such
as SnS 0971 SnSe, 1% and SnS,."*) Meng and co-workers!””!
employed SnS powder as the only source for evaporation. Newly
cleaved mica sheets were placed downstream of =8-20 cm away
from the center zone to collect the products. The reaction was
performed at a temperature of 600-800 °C with the chamber
pressure around 20-300 Torr under argon flow (Figure 4a).
Large scale of 2D ultrathin SnS nanoflakes were obtained via
this simple PVD method as shown in Figure 4b. the typical
thickness is identified to be about 14.6 nm. The thickness can
be found to be as thin as 5.5 nm corresponding to =10 layers
confirmed by the AFM profile in Figure 4c, and the thinner
nanosheets have rough edges and surface, partially resulting
from imperfect growth at lower temperature. Then the vibra-
tional properties of SnS nanoflakes with different thickness
have been researched via Raman characterization as shown
in Figure 4d. For thicker SnS flakes, there exists four clearly
observed Raman peaks at 95.5, 190.7, and 216.8 cm™! assigned
to Aj, modes, whereas the peak at 162.5 cm™ associated
with Bs, mode. However, the Raman peaks become seriously
deviation and undetectable as the thickness decreases down
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3.3.2. Chemical Vapor Deposition

CVD methods have been attempted inten-
sively due to the obtained high quality, large-
area, and uniform products. CVD-grown
graphene has made great breakthrough in
the growth of large-area graphene.[7155-160]
Recently, the synthesis of 2DLMs via CVD
methods has been illustrated in many reports
especially for MoS,,B031161-185] which also
shows promising applications in electronics
and optoelectronics. Up to now, there are
several reports on synthesizing 2D GIVMCs
nanoflakes via CVD method, which is still
at the initial stage. The growth process 2D
GIVMCs nanoflakes is performed via thermal
evaporation of different precursors and using
various substrates to collect products, under
an inert gas (e.g., Ar) protection, or as with
hydrogen. Among so many solid precursors,
metal oxides are the most widely employed. Li
and co-workers!'® proposed that SnS, is easy

rEET sns, (s) > SnS(s)+§S,‘(g)
A

Phase Transition

snsz Hexagonal wssssd Orthorhombic

Figure 3. a) New methods for synthesizing SnE (E =S, Se) with different morphologies. Repro-
duced with permission.[1 2014, American Chemical Society. b) Schematic diagram illustrating
the phase transition process between SnS, and SnS. After annealing, SnS, dissociation occurs,
and S depletion and high temperatures promote dissociation processes. Reproduced with per-

mission.l'"”1 2014, American Chemical Society.

to 5.5 nm, which may result from the inferior crystallinity of
the as-synthesized SnS flakes at lower temperature. Further-
more, polarized Raman characterization was implemented to
explore the polarization dependence due to the reduced sym-
metry of the orthorhombic phase. The authors inspected that
the orthorhombic phase SnS nanosheets exhibit strong aniso-
tropic Raman response similar with black phosphorous!'*" and
ReS,.151154 The parallel-polarization configuration strongly
suggests that the A;, mode (190.7 cm™) can be employed to
detect crystallographic orientation of the SnS flakes because of
the A;, mode reaches the maximum as illumination light polar-
ization is parallel to armchair direction of the SnS flakes, which
may also exist in other group IV orthorhombic phases such
as SnSe, GeS, and GeSe. Later, Meng and co-workers!'*’l used
SnS, powder as the evaporation source at the center zone under
ambient pressure (Figure 4e). S powder was also adopted to
avoid the transition of SnS, to SnS phase. Consequently, large-
scale of SnS, nanoflakes were obtained with typically lateral
sizes ranging from 13 to 43 pm (Figure 4f). X-ray diffraction
(XRD) characterization in Figure 4h indicates the as-synthe-
sized SnS, crystals have a 2T-type hexagonal phase structure
with lattice constants of a =b = 0.365 nm, ¢ = 0.589 nm (JCPDS
PDF card: 23-0677). Interestingly, the AFM profile of the nano-
flake in Figure 4g reveals clear dislocation hillock consisting of
several spiral patterns on the surface, suggesting that the SnS,
flakes follow a screw dislocation driven (SDD) spiral growth
mode.
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to resolve into Sn and S at 650 °C impeding
the synthesis of high quality materials at
higher temperature. Therefore, they employed
fast heating and cooling process with the sul-
furization of SnO powder at high tempera-
ture of 850 °C as shown in Figure 5a. They
obtained thick SnS, flakes with hexagonal and
half hexagonal shapes, randomly dispersing
on the SiO,/Si substrate with the thickness up
to 100 nm. Then they performed a series of
growth processes with different reaction time from 1 to 4 min,
and draw the following conclusions: first, SnO powders were
evaporated and deposited on the substrate. Then, SnO particles
on the substrate initiated reacting with S resulting in the for-
mation of small SnS, particles. Finally, SnS, grew larger based
on the nuclei. They further inspected that the (001) plane has
higher reticular densities, larger interlayer distances and lower
surface energy than other planes,['®”] so the atoms in this plane
are easier to adsorb other different atoms according to the Bra-
vais rule. However, the SnS, nuclei were irregular and randomly
dispersed on the substrate with various directions at the initiate
stage, which may partially explain the growth mechanism.

Jo and co-workers!3% calculated free energy changes of
formation of SnS; and SnS from SnO, and S, and concluded
that the change in Gibbs free energy for SnS growth with H,
addition is negative and is lower than that of SnS; in the same
temperature. Therefore, they synthesized 2D polymorphous
crystals of Sn-sulfides on SiO,/Si substrates via sulfurization of
SnO, powder in a 12 in. length hot wall quartz tube furnace
(Figure 5b). SnO, powder was put into a porcelain boat at the
center zone. The SiO,/Si substrate was mounted on the top
of the boat with upside down and the center temperature was
gradually increased to 620-680 °C, keeping for 15 min for the
growth under the vacuum of 700-800 Torr. The mixture—gas
flow ratio of nitrogen and hydrogen is vital to determine the
crystal morphology with orthorhombic SnS or hexagonal SnS,.
Typically, they found that 2D SnS nanosheets were stabilized
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Figure 4. a) Schematic illustration for PVD growth of 2D SnS flakes. b) Optical image of the 2D SnS flakes. c) AFM image and height information of one
2D SnS flake. d) Raman spectra of the SnS flakes with different thickness. (a—d) Reproduced with permission.”?1 2016, The Royal Society of Chemistry.
e) Schematic illustration for synthesizing 2D SnS, crystals. f) Optical image of large scale 2D SnS, crystals. g) AFM image of the center region of a
thick crystal showing hexagonal spiral fringes. h) XRD pattern of the SnS, sample. (e-h) Reproduced with permission.l*]

for the H,/N, ratio was larger than 0.4 with increasing the
thickness with the flow ratio. Below the ratio of 0.4, the as-syn-
thesized products began to form irregular shapes, suggesting
a transition from orthorhombic SnS to hexagonal SnS,. Con-
sequently, when H, was absence the hexagonal SnS, crystals
were formed stabilized with triangular shapes. This controlled
synthesis of polymorphic 2D tin-sulfides of either p-type SnS or
n-type SnS, also paves a new way for fabricate p-n heterostruc-
tures for rectifiers and photovoltaic cells.

Peng and co-workers!””! reported for the first time controlled
CVD synthesized 2D SnS, nanosheets arrays at predefined loca-
tions on SiO,/Si substrates. First, they pattern nucleation sites
(Pd/Cr, or Ni arrays) on SiO,/Si via nanofabrication routes, and
cross marks were shown in Figure 5c. These substrates with
metal arrays were used as the seed to collect products. In a typ-
ical CVD process, sulfurization of SnO, powder was performed
at 710 °C for 5 min under a vacuum of 30 kPa with an argon
flow of 60 sccm. Finally, the patterned 2D SnS, nanosheets with
average thickness of 20 nm were synthesized.

Furthermore, He and co-workers'*? synthesized large scale
half-hexagonal nanosheets on carbon cloth through a two-step
method employing SnO, nanowires as the template for growing
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SnS, nanosheets. As illustrated in Figure 5d, they first grown
large scale SnO, nanowire arrays on carbon cloth, and then syn-
thesized SnS, nanosheets through sulfurization of these SnO,
nanowires with the lateral sizes limited to several microns and
the thickness of tens of nanometers. They provided a method
for growing 2D crystals under new conditions.

SnSe has also been explored to synthesize SnSe, nanoflakes.
For example, Cao and co-workers('®] synthesized SnSe, nano-
plates via a simple selenylation of SnSe powder and demon-
strated that the growth procedure is intensively influenced
by substrates. In a typical growth, =25 mg SnSe powder and
=45 mg Se powder were put into two separated quartz boats,
with the SnSe powder located at the center zone while Se
powder at the entry of the furnace (Figure 5e). SiO,/Si and
freshly cleaved mica as substrates were employed to collect
the products. The center temperature was heated to 550 °C,
and the Se at 350 °C with 10-30 sccm argon and 20-40 Torr
in total pressure. Though the thickness is similar with =60 nm
on both substrates, the lateral sizes of the nanoplates grown
on mica were obviously larger than those grown on SiO,/Si
(Figure 5e). They concluded that the observed morphological
difference may be related to the different migration energy of
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Figure 5. a) lllustration of the growth process and optical image of the as-prepared SnS, flakes. Reproduced with permission.'8 2016, The Royal
Society of Chemistry. b) The vapor transport set-up for polymorphic growth of the SnS, and SnS crystals. Reproduced with permission.'3% 2015, Amer-
ican Chemical Society. c) Schematic diagrams of patterning seed arrays and the CVD experimental setup, and optical image of the as-synthesized SnS,
crystal arrays. Reproduced with permission.”’1 2015, American Chemical Society. d) Schematic diagram of experimental setup. Reproduced with permis-
sion.'*2 2015, The Royal Society of Chemistry. e) Schematic illustration of the synthetic setup, SEM, and optical images of the as-synthesized SnSe,
nanoplates. Reproduced with permission.l'®8 2013, American Chemical Society. f) Schematic diagram of the CVD synthetic process, optical image
of large-scale SnSe, nanoflakes (Reproduced with permission.’¢) and SEM image of large-size SnS, nanosheets. Reproduced with permission.[''é]

SnSe, adatoms on the substrates, which includes on-substrate
migration M1 and on-nanoplate migration M2. Mica or SnSe,
has a clean surface completely passivated with no dangling
bonds resulting in lower migration energy, compared with sil-
icon, which has dangling bonds at the surface. Therefore, the
migration rate on mica was higher than that on the nanoplate,
M1 52 2 M2, resulting in the larger diameter of the nanoplates
on the mica. It may pave the way for the controllable synthesis
of other 2DLMCs. Lately, He and co-workers['??l synthesized
2D SnSe, and SnSe nanosheets collected at lower and higher
temperatures respectively through a one-step CVD method.
Just like the above method, they employed Se and SnSe pow-
ders as the precursors separated at upstream and center,
respectively. A relative high reaction temperature of 750 °C
was adopted. Accordingly, atoms were inclined to desorb into
the carrier gas on substrates of higher temperatures. There-
fore, the adsorbed Se atoms tended to rapidly desorb into the
environment at higher temperatures, resulting in the formation
of orthorhombic SnSe at higher temperatures and hexagonal
SnSe, at lower temperatures.

wileyonlinelibrary.com
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Recently, Zhai and co-workers!’®! adopted a newly Sn pre-
cursor (Snl,) and achieved large area of SnSe, nanosheets
with ultrathin thickness. They considered that Snl, takes some
advantages over other solid precursors such as low melting
point (=320 °C), which may providing more uniform and stable
growth conditions during CVD procedure for the growth of
ultrathin SnSe, flakes. What is more, for tin, iodine (coming
from the reaction: Snl, + 2Se = SnSe, + I,) had been pro-
posed to be an optimal carrier agent, since it was employed
for growing copper-zinc-tin—sulfide (CTZS) single crystals
with success. The typical CVD experiments were demonstrated
in Figure 5f. 10 mg Snl, powder and 100 mg Se powder were
put into two separated porcelain boats. Freshly cleaved mica
sheets were located at the downstream to collect the synthetic
products. The reaction temperature was at 600 °C for 15 min
and a mixture of argon (20 sccm) and hydrogen (5 sccm) was
used at ambient atmosphere. After that, large-area ultrathin
SnSe, flakes with triangular shapes were obtained illustrated in
Figure 5f. Zhai and co-workers for the first time synthesized
high-quality ultrathin few-layered single-crystalline SnSe, flakes
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through this improved CVD method, and the photodetectors
based on these high-quality flakes showed exciting perfor-
mance, including a high responsivity (1.1 x 10* A W™!), a fast
response time of 8.1 ms, superior to most reported 2DLMCs
based photodetectors. Lately, Zhai and co-workers!''®! further
extended this improved CVD method to large-size growth of
ultrathin SnS, nanosheets. In this process, sulfide took the
place of selenium and SiO,/Si was employed as the substrate.
Therefore, large-size SnS, nanosheets with the side length
over 150 pm were obtained. This improved CVD method has
shown its advantages over synthesis of high-quality large-area
ultrathin 2D materials, which may extend to the synthesis of
other 2DLMCs.

3.4. Ternary Alloys

Ternary alloys have attracted intensive attention in recent years
due to the varied properties through doping the third elements
into the pure binary systems, which may provide an impor-
tant versatility in low-power consumption electronics and
optoelectroncis.'®-194 For example, Pb;_Sn,Se is a narrow
direct bandgap semiconductor with promising applications in
mid-infrared photodetection (1-3 pm), topological crystalline
insulators and high-speed logic devices due to the doping of
Pb.[104107.19519] He and co-workers!'® reported the synthesis
of ultrathin Pb;_.Sn,Se nanoplates via a simple doping process.
The mixture of Pb and SnSe powders were used as the source
placed at the center zone of 550-650 °C, mica and SiO,/Si
were located at the downstream to collect products (Figure 6a),
confirmed by the transmission electron microscope (TEM)—
energy dispersive X-ray (EDX) mapping of a triangle Pb;_,Sn,Se
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nanoplate as shown in Figure 6b. The ultrathin Pb,_SnSe
nanoplates were obtained and showed high performance for
mid-infrared photodetectors. Furthermore, they directly grown
ultrathin Pb;_,Sn,Se nanoplates on BN of which the surface is
free of dangling bonds allowing the direct growth of a highly
lattice-mismatched heterostructures, characterized by the high-
resolution TEM image and AFM profile of the heterostruture
(Figure 6c,d). Therefore, the relaxed strain and less surface
states at the interface of epilayer and BN can not only improve
their electronic properties but also promote their applications
in integration techniques.'"”’”) In addition, the bandgap of sele-
nium doped SnS, can be tuned from 2.1 eV (SnS;) to 1.0 eV
(SnSe,) through changing the Se content. What is more, this
ternary alloys have been reported by Peng and co-workers!’*
and Chen and co-workers!'”’! via a simple CVT method, and
demonstrated promising applications in FETs and phototransis-
tors (Figure Ge).

3.5. Heterostructures Based on 2D GIVMCs

Van der Waals (vdW) heterostructures composed of 2D layered
materials have been attempted intensively recently due to the
novel physical properties covering a wide range of electronic,
optical, and optoelectronic systems.[1%¥-2421 Jo and co-workers(!3¥!
synthesized polymorphic 2D tin-sulfides of either p-type SnS or
n-type SnS, via adjusting hydrogen during the process. Then
they fabricated p-n heterostructures based on synthesized SnS
and Sn$, as shown in Figure 7a. Lately, Xing and co-workers(2+3]
for the first time demonstrated a room temperature Esaki
tunnel diodes based on exfoliated black phosphorous (BP) and
tin diselenide (SnSe;) which possess a broken-gap energy band

500 nm

100.0 nm

50.0

0.0

Pd/Cr electrode SnS, Se_crystal

Figure 6. a) Schematic illustrations of van der Waals epitaxial ultrathin 2D Pb;_,Sn,Se nanoplates with a cubic crystal structure tailoring into ultrathin
2D nanostructures at certain growth temperature. b) TEM-EDX mapping of triangle Pb;_,Sn,Se nanoplate. c) High-resolution TEM of few-layer BN/
Pb;_,Sn,Se nanoplate heterostructure which denotes a clear interface between BN and Pb;_Sn,Se. The red arrow shows the interface. The lattice
mismatch between (020) surface of Pb;_,Sn,Se and (0002) surface of BN reaches 6.1%. Scale bar = 3 nm. d) AFM image of a typical Pb;_,Sn,Se nano-
plate. Scale bar =2 pm. e) An AFM image of a SnS,_,Se, device with x=0.4. (a,b) Reproduced with permission.'® 2015, American Chemical Society.
(c,d) Reproduced with permission.'%”] (e) Reproduced with permission.’ 2013, American Institute of Physics.
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Figure 7. a) Raman spectra of SnS, (blue), SnS (red), and the overlap region (black). The inset shows the corresponding optical image of vertical
heterostructure. Reproduced with permission.l'3% 2015, American Chemical Society. b) Cross-sectional TEM image and PL spectra of the MoS,/SnS,
heterostuctures. c) Calculated total and projected density of state for the 5-L MoS,/SnS; heterostructure, and charge density for several states of the
1-L MoS,/SnS, heterostructure: the valence band edge (VBE) top, a representative state within peak (a) (middle), and a mixed-character state within
peak (c), lying approximately 1.8 eV above the Fermi level (bottom). (b,c) Reproduced with permission.?#1 2014, American Chemical Society.

offset. The device construction began with the cleavage of BP
flakes onto a 285 nm SiO,/Si substrate via scotch tape. SnSe,
flake as the second layer was first adhered to commercially
available elastic films as stamps supplied by Gel-Pak, and then
was aligned with the target BP flake under an optical micro-
scope with micromanipulators. Javey and co-workers!2*4 further
fabricated 2D-2D tunneling FETs based on exfoliated WSe, and
SnSe, heterostructures employing ZrO, as the gate dielectric,
allowing the scaling of gate oxide to improve the subthreshold
swing of the device. They presented high performance 2D-2D
tunneling FETs such as the subthreshold swing of 100 meV
and the maximum switching ratio I,/ I,g of 107.

However, the heterostructures fabricated by mechanical
transfer procedure may remain great challenge such as the
reproducibility, accuracy, and nondestructive transfer of the
2D flakes. Especially, the dangling bonds on the interface of
the heterostructures by mechanical transfer procedure may
adsorb other molecules such as oxygen or water, resulting in
passivation which is harmful for advanced electronic devices.
Therefore, there are many attempts on the epitaxial growth of
heterostructures.?*>?*% Jin and co-workers?*! have achieved
heteroepitaxial growth of thin layers of MoS,, WS,, and WSe,
on SnS, microplates via a CVD procedure employing metal
chlorides and sulfide or selenium powders at low temperature
(<500 °C). Taking MoS,/SnS, heterostructure, for example,
typical PL spectra of a SnS, microplate and MoS,/SnS, micro-
plate were demonstrated in Figure 7b. Those sharp peaks from
540-562 nm of both spectra were assigned as the Raman peaks
of Si, SnS, and MoS,. For MoS,/SnS, microplate, the peaks at
631 nm (1.97 eV) and 690 nm (1.80 eV) were slightly red shift
compared with monolayer MoS,, suggesting the existence of
few-layered MoS,. Interestingly, there existed a peak at 578 nm
(2.15 eV), which has never been observed in any MoS, flakes.

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

They further carried out density functional theory (DFT) calcu-
lations using the Vienna ab initio simulation package (VASP)
for understanding the observed optical properties (Figure 7c).
Excitation from the valence band edge (VBE) to a delocalized
state with peak (c) in Figure 7c, was more likely to exist due to
enhanced overlap. Photoluminescence spectrum from the delo-
calized state down to the VBE was calculated to be 2.2 eV, con-
sistent with the newly existed peak at 578 nm (2.15 eV). Their
calculations suggested that the newly observed peak at 578 nm
mainly results from the coupling between MoS, and SnS,.

4. Device Applications

The electronic band graph of graphene shows linear energy dis-
persion at the K point resulting in a gapless band structure. The
gapless band structure of graphene causes a low controllability
of electronics and inferior photoresponsivity, which impedes
the applications in electronics and optoelectronics. However,
2D GIVMCs have a large bandgap range from 0.9 to 3.1 eV and
the low-cost, earth-abundant, and environmentally friendly fea-
tures render 2D GIVMCs particularly desirable for next-genera-
tion electronics and optoelectronics. The following context will
present an overview of the advances in electronics and optoelec-
tronics based on 2D GIVMCs.

4.1. FETs Based on 2D GIVMCs

FET, one of the most elementary components, consists of
drain—source metal contacts, dielectric layer (gate electrode),
and semiconducting channel. The drain-source current is
controlled by the gate voltage on the dielectric layer. High
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M

ADVANCED
SCIENCE

www.MaterlaIsV|ews.com

carrier mobility, high switching ratio and low subthreshold
swing means high performance FET, which depends on
the metal contacts,?*’l channel materials (thickness,!?4824]
doping,[192250-254] heterostructures?°%2%8)) dielectric materials
(back-gate,82%] top-gate,>® liquid gate®>”)), and so forth.
2D GIVMCs based FETs have demonstrated exciting perfor-
mance. In the case of mechanically cleaved SnS, nanomem-
brane (thickness of =15 nm) based back-gated FETs reported
by Peng and co-workers,”l the transistor showed a high on/off
ratio exceeding 10°, as well as an impressive carrier mobility
of =1 ecm? V7! s7! (Figure 8a). In addition, Koester and co-
workers!”?l reported mechanical exfoliated SnSe, flake (thick-
ness of 84 nm) based back-gated FETs with high drive current of
160 pA pm™! at T = 300 K, while the carrier mobility increases
from 8.6 cm? V"' s7' at 300 K to 28 cm? V™! s7! at 77 K. The con-
ductance obtained at Vy, = 50 meV revealed a little activation of
only 5.5 meV, suggesting the Ohmic contacts at the source and
drain contacts. These primary results showed great potential of
2D GIVMCs as the building block for future nanoelectronics.
The performance of FETs based on 2DLMCs can be influ-
enced by the surface of the channel and contacted substrate
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resulting in a variety of charge traps or carrier scattering
centers. High-x dielectric materials such as Al,03, and HfO,,
tc., have been proposed to be beneficial for high perfor-
mance FETs due to dielectric screening of coulomb scattering
on charged impurities.?*®! Tang and co-workers’! have con-
structed high performance top-gated FETs based on mechan-
ical exfoliated monolayer SnS, employing high-x dielectric
Al,O; (=35 nm by atomic layer deposition) as the top gate
(Figure 8b). The transistor showed a high carrier mobility of
=50 cm? V7! 57! (Figure 8c), much higher than that of back-
gated counterparts (=1 cm? V! s71). While the subthreshold
swing of =10 V per decade was still larger than general top-
gated FETs based on ultrathin nanoflakes. They speculated
that the large subthreshold swing may be correlated with the
nonefficient dielectric layer deposited at low temperature of
150 °C, which was limited by the lift-off process or by shallow
traps induced by iodine during transportation. The mobility
had been improved by at least one order of magnitude com-
pared with the back-gated FETs based on few-layer SnS,,""
suggesting the vital role of dielectric screening to the coulomb
scattering.
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Figure 8. a) The drain—source current Iy as a function of the gate voltage varied from —80 to 80 V. The inset shows the AFM image of the device.
Reproduced with permission.l’% 2013, Institute of Physics. b) Optical image of the top-gated device, scale bar =5 pm. c) Transfer curves of the studied
top-gated FET, within twenty voltage gated range, the 4, can be tuned in seventh-order range. The red dotted line is the linear fit to 4=V, for Vi,
(b,c) Reproduced with permission.l”!1 2013, The Royal Society of Chemistry. d) Schematic diagram of the geometry of SnSe, transistor covered with
polymer electrolyte using 70 nm HfO,/p** Si as back gate. Reproduced with permission.l'1 2016, American Institute of Physics. e) Schematic diagram
of the geometry of the SnS, FET devices with SiO,/Si back gate and H,O solution top gate. f) Analogous transfer characteristics of a deionized water
top-gated SnS, device, measured with dual top gate voltage sweeps, starting at +0.5 V, with turnaround points between +0.2 and —0.4 V. The device
shows minimal hysteresis and a near-ideal subthreshold swing of 80 mV per decade. (e,f) Reproduced with permission.’2 2014, American Chemical
Society. g) Schematic diagram of the FET device structure and the transfer curve based on SnS,_,Se, crystals with the Se content of 0.8. Reproduced
with permission.”¥ 2013, American Institute of Physics. h) Optical image of a representative device based on the heterostructure. Scale bar =5 pym.
i) Energy band alignment of WSe, and SnSe,. (h,i) Reproduced with permission.2*¥ 2016, American Institute of Physics.
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None of the metal-2DLMCs contacts are totally Ohmic
resulting in the Schottky barriers in the interface, which causes
low mobility due to the high contact resistance.l?”] Tonic liquid
gate has been proposed to be an effective way to alleviate this
problem. Gao and co-workers.'?!} introduced a top capping
layer of polymer electrolyte (anhydrous methanol solution of
polyethylene oxide (PEO) containing 20 wt% LiClO,) combined
with a back gate of 70 nm HfO, (Figure 8d) to achieve high
electron density over 10!* cm™ based on few-layer SnSe,, as
well as a high on/off ratio of 104, which was improve by two
orders of magnitude compares with that of only back-gated
counterparts. Sutter and co-workers’?! obtained a high mobility
of 230 cm? V7! s7! based on few-layer SnS, FET employing
deionized water as the top gate, as well as a minimal hyster-
isis of 15 mV as the top gate voltage swept in opposite direc-
tions (Figure 8e,f). This high performance may come from the
absence of surface adsorbates in the solution environment and
a valid screening of Coulumb scattering at the interface by the
high-x dielectric. Peng and co-workers’ have reported FETs
based on mechanical exfoliated few-layer SnS,_ Se, with dif-
ferent Se content (Figure 8g). They found that the modulation
by the gate voltage has been suppressed with the selenium con-
tent increasing.

In addition, there are many attempts to research heterostruc-
tures composed of 2DLMCs due to the novel physical proper-
ties. Xing and co-workers?* for the first time demonstrated
a room temperature Esaki tunnel diodes based on exfoliated
p-type black phosphorous (BP) and n-type tin diselenide (SnSe;,)
which possess a broken-gap energy band offset. Javey and co-
workers?* further fabricated 2D-2D tunneling FETs based on
exfoliated WSe, and SnSe, heterostructures employing ZrO, as
the gate dielectric, allowing the scaling of gate oxide to improve
the subthreshold swing of the device (Figure 8h,i). They pre-
sented high performance 2D-2D tunneling FETs such as the
subthreshold swing of 100 meV and the maximum switching
ratio I,/ Iog of 107. What is more, Rouvimov and co-workers!?4°!
have reported the growth of multiple WS,/
SnS layered heterostructures by atomic layer
deposition, and the heterojunction based
FET exhibited an ambipolar behavior with
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Additionally, GeSe has a direct bandgap at monolayer or
bilayer.'%] There are many reports on the photodetectors based
on 2D GIVMCs showing high performance as summarized in
Table 2.75:92-95.120,130.142.149] \/e will review some typical photo-
detectors in this section.

The typical photodetector based on 2D SnS, crystal has
been demonstrated by Meng and co-workers!!*! showing a
fast response time of 42 ms while the low responsivity of
2 A W' (Figure 9a). Zhai and co-workers/’®l fabricated a high
performance photodetector based on few-layer SnSe, flake with
a high responsivity of 1.1 x 10> A W, as well as a fast response
time of 8.1 ms due to the high-quality and ultrathin thickness.
Furthermore, Zhai and co-workers!['®! constructed high perfor-
mance phototransistors based on ultrathin SnS, nanosheets
with a high responsivity of 261 A W' and fast response time
of 16 ms, they systematically studied the modulation of back-
gate voltage on the photodetection behaviors. As shown in
Figure 9b, photocurrents increased for both On and Off states
at the whole process, suggesting that the photocurrents govern
the whole process over thermionic and tunneling currents. And
they obtained a high sensitivity of 150 at V, =-10 V (Figure 9c),
while a high responsivity of 400 A W achieved at V, = 20 V,
showing the promising applications in the pixelated imaging
systems by such excellent gate-tunable photoresponse. Wan and
co-workers® studied the anisotropic photoresponse of GeSe
nanosheets based photodetectors (Figure 9d,e). The carrier
transport in direction parallel to the layers is in the intralayer
through covalent bonds, while the vertical transport happens
via hopping. According to the calculations, the effective mass of
holes in the direction vertical to the layers is larger than that in
the parallel direction, resulting in the anisotropic dark current.

Jo and co-workers!'*% synthesized polymorphic 2D tin-
sulfides of either p-type SnS or n-type SnS, via adjusting
hydrogen during the process. Then they fabricated p-n het-
erostructures based on synthesized SnS and SnS, and showed
typical rectifying characteristic (Figure 9f). The responsivity

Table 2. Summary of typical 2D GIVMCs based photodetectors. (ML: multilayer; BL: bilayer;
IR: infrared; WL: white light.).

the electron mobﬂity higher than that of WS,  Device Spectral range Vis/ Ve Responvity Rise time Decay time References
based FETs. v (AW (ms] (ms]
ML GeS Visible 10/0 206 7 2.9% 108 192]
3
4.2. Photodetectors Based on 2D GIVMCs ML Gese > 3 100 36x10 B3
ML SnS, Visible - 100 44 44 [72]
As illustrated in Table 1, the bandgaps of the ML sns, Visible 2/0 8.8x107 5% 1073 7%x1073 175]
GIVMC s varies in a wide range from.zO..9 0 i sns, Visible 10 2 42 1 [149]
=34 (?V, and are calFulated to have indirect ML Srs, Visible 3/50 100 330 130 n42]
and direct bandgaps in the bulk counterparts. B
Notably, SnS has been reported to have a high ~ M-SnS2 Visible ! 15 42 40 (186]
absorption coefficient (o > 10* cm™) across ~ MLSnS; Visible 1 261 20 16 (1]
the direct absorption edge at 1.3-1.5 eV, ren-  MLsns, Visible 5 3.4%x10° 400 200 147]
dering it as a promising candidate infrare |, ¢.s. o 330 _ _ [105]
photodetectors.”” What is more, GeSe ML Snse 10 - n22)
and SnSe have been calculated to display : B )
extremely strong optical absorbance in the BLSnSe Visible 01 05 21 32 (120
visible range as large as 47% when the MLSnSe Visible 3 1.1x10° 14.5 8.1 176l
thickness is down to monolayer or bilayer.  mLsnsse Visible 10/0 4484 9 8 [197]

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. a) Schematic view of a SnS, photodetector with 450 nm laser for illumination. Inset shows the optical image of a device. Reproduced with
permission.['*9l b) Transfer curves at light illumination. Inset: schematic diagram of the phototransistor. c) Photoresponse ratio as a function of V.
(b,c) Reproduced with permission.['"® d,e) Schematic diagrams of two kinds of single micrometer sized GeSe based photodetector with top-contact
and bottom-up-contact. Reproduced with permission.*l f) Gate tunable output characteristics of SnS,/SnS vertical heterostructures, inset: device
schematic. g) Dark -V curve and I~V curve under 3.06 eV light illumination with a power of 3.2 yW. Left inset: photovoltaic I-V curves, showing the
open-circuit voltage of 0.21 V. Right inset: corresponding band diagram of the heterojunctions. f,g) Reproduced with permission.['*% 2015, American
Chemical Society. h,i) Schematic of the SnS,_,Se, based photodetectors, and 3D view of photoresponsivity mapping of few-layered SnS,_,Se, photo-
transistor. Reproduced with permission.l®71 2016, American Chemical Society. j,k) Schematic diagram for epitaxial growth of Pb;_,Sn,Se nanoplates on

few-layer BN, and mid-infrared detection of Pb;_,Sn,Se nanoplates at 1.7-2.0 ym. Reproduced with permission.

has been improved from 4.56 mA W' at forward bias to
27.09 mA W at reverse bias (Figure 9g). Chen and co-
workers!'”’] fabricated a high performance phototransistor
based on mechanical exfoliated few-layer SnS,_ Se, with a high
photoresponsivity of 6000 A W at V, =80 V and a fast response
time of 9 ms (Figure 9h,i). They excluded the photoconductivity
dominating the process, which results in a very slow response
time not consistent with their fast response results. Then they
speculated that the high-quality single line structure with low
defect density is crucial role in the process, confirmed by the
small hysterisis and the pronounced XRD spectrum. Recently,
He and co-workers!'”] directly grown ultrathin Pb,_Sn,Se
nanoplates on BN of which the surface is free of dangling bonds
allowing the direct growth of a highly lattice-mismatched het-
erosturctures (Figure 9j). Therefore, the relaxed strain and less
surface states at the interface of epilayer and BN can not only
improve their electronic properties but also promote their appli-
cations in integration techniques. Because of its narrow direct
bandgap, the photodetectors based on ultrathin Pb;_,Sn,Se
nanoplates grown on BN demonstrated high-efficient response

Adv. Sci. 2016, 3, 1600177
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[107)

to mid-infrared light (1.7-2.0 pm) (Figure 9k), indicating their
promising applications in environmental monitoring, remote
sensing, military communication, and so on.

4.3. Flexible Photodetectors Based on 2D GIVMCs

One of the most advantages of 2DLMCs is the flexibility and
compatibility with flexible devices. There are also many reports
on the flexible electronics based on 2D GIVMCs.[104105.118,197,259]
In the following context, we will present some typical flexible
devices based on 2D GIVMCs.

Liu and co-workers!'®! fabricated SnSe nanoplates based
photodetectors on flexible mica through PVD method
(Figure 10a), with a high responsivity of 330 A W~! under white
light illumination. Zhai and co-workers[''®l have successfully
transferred the as-synthesized ultrathin SnS, nanosheets onto
flexible polyethylene terephthalate (PET) film (Figure 10D).
The constructed photodetector on PET films showed high
responsivity of 34.6 A W, and still remained 26.9 A W1 after
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Figure 10. a) Optical image of the SnSe nanoplates based photodetectors on flexible mica sheets. Reproduced with permission.11 2015, Springer.
b,c) Optical image of the SnS, nanosheets based devices on flexible PET film, and the /-t curves before and after bending the PET film. Reproduced
with permission.l''® d) Photograph of instrument used for bending. Reproduced with permission.[' 2015, American Chemical Society. e,f) Schematic
diagram of SnS,_Se, phototransistor on PET, and photoconductivity measurements of flexible SnS,_,Se, phototransistor on PET. Reproduced with

permission.[']

bending 200 times (Figure 10c), showing good flexibility. What
is more, the 2D ternary alloys showing excellent performance
for electroncis and optoelectroncis’+1%7] have also been applied
to flexible photodetectors. For example, He and co-workers[0
have reported ultrathin Pb;_Sn,Se nanoplates based photode-
tectors on mica sheets showing broad spectra detection from
UV to infrared light (Figure 10d). Additionally, Chen and co-
workers!'”’] constructed few-layer SnS, Se, with excellent
photoresponse under varied light illumination power density
(Figure 10e,f).

a Vertical heterostructure

Graphene based

5. Conclusions and Outlook

In this review, we have presented typical fundamental properties
and the recent advancements on the synthesis of 2D GIVMCs
and their applications in electronics and optoelectronics. These
reports on 2D GIVMCs have shown promising applications
in next-generation electric, optical, and photonic systems, the
research on 2D GIVMCs is still in the preliminary stage which
is mainly restricted on the mechanical exfoliated nanosheets.
Although mechanical cleavage method is fairly simple and easy

b In-plane heterostructure

Flexible device

Figure 11. a,b) Schematic diagrams of the in situ growth vertical and in-plane heterostructure. ) lllustration of the hybrid structures based on graphene
and 2D GIVMCs. d) Schematic of the flexible devices based on 2D GIVMCs.

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to obtain high quality nanoflakes, the extremely low yield, and
the low controllability of the layer number and large-area uni-
formity have harshly restricted it from practical applications in
electronics and optoelectronics. In contrast, CVD is a promising
route for high-quality and large-area 2D GIVMCs flakes which
is desirable for current electronic industry. However, the CVD
growth of atomically 2D GIVMCs is in the initiate stage and
remains great challenge in the future. Therefore, there is still a
huge room for further study on the controlled synthesis of high-
quality and large-scale single crystalline 2D GIVMCs. Moreover,
in-situ growth of vertical (Figure 11a) and lateral (Figure 11Db)
heterostructures are very important for exploring the novel
physical properties, considering that most of the reports on
2D GIVMCs is currently based on the transferred heterojunc-
tions, 130243244 which may harm the electronic properties[231:240]
due to the dangling bonds and adsorbates at the interface. In
addition, graphene is an ideal template to promote the nuclea-
tion and growth of other 2DLMCs crystals for producing func-
tional hybrid structures via CVD method (Figure 11c),!1%%204207]
which may result in the modulation of the electric and optical
properties coupled with graphene. The fast growing field calls
for more works to fully understand the junction formation and
resulted physical properties in 2D GIVMCs crystals. Besides the
efforts on the study of electronics and optoelectronics, exten-
sion of the applications of 2D GIVMCs based devices is another
important issue. For example, the flexible electronics and opto-
electronics (Figure 11d) can be further explored for the applica-
tions in remote sensing, fiber-optic communications, military
communications, biological imaging, and so on. More impor-
tantly, all Ge-chalcogenides (S, Se) are p-type semiconductors,
which are desirable for fully exploring the electronics. However,
there are few reports on these materials especially for ultrathin
structures. In a word, the recent exciting achievements on the
study of 2D GIVMCs have demonstrated their great advantages
in next-generation electronics and optoelectronics.
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